Summary
The normal ultrastructure of the liver of rhesus and cynomolgus monkeys is described. A classification of type A and B periportal hepatocytes is introduced together with a discussion of the high incidence of mitochondrial abnormalities. It is suggested that the rhesus monkey is more suitable as an experimental model than the cynomolgus since its liver ultrastructure is less variable.
The ultrastructure of the m~nkey liver has received very little attention in the literature compared with other mammalian species (David, 1964; Dudea & Domart-Dudea, 1967) . The monkey is becoming increasingly used as an experimental animal, especially in the field of toxicity (Dyrszka, Salen, Zaki, Chen & Mosbach, 1976) . This report is therefore intended to provide a basis for future investigations into the ultrastructural pathology of the monkey liver with comments on any variation between the rhesus monkey (Macaca mulatta) and the cynomolgus monkey (Macacafascicularis), and a brief consideration of the juvenile monkey liver.
Materials and methods
Samples of liver tissue were taken from 110 and 99 adult cynomologus monkeys, and 4d" and 49 adult rhesus monkeys, all of which were wild-caught and about 2-3 years old, Liver samples were also taken from 4 female juvenile rhesus monkeys. All the animals had been fasted overnight. The monkeys were anaesthetized with sodium pentobarbitone and killed by exsanguination.
The tissue samples were removed immediately after death and 3 blocks of tissue, each I mm 3 , were fixed in 4% glutaraldehyde buffered with 0·05 m sodium cacodylate to pH 7·3 at 4 a C for 4 h (Sabatini, Bensch & Barnett, 1963 toluidine blue for examination with the light microscope. Silver-gold ultrathin sections of representative centrilobular and periportal areas were taken, mounted on copper grids and subsequently stained with lead citrate and uranyl acetate. The sections were examined using an electron microscope, and selected areas were photographed on fine grain film and enlarged as necessary.
The remaining liver tissue was subject to routine histopathological investigation and was fixed in buffered formalin for at least 4 weeks. It was then routinely processed in 56°C melting point paraffin wax, sectioned at 5 ,um and stained with haematoxylin and eosin prior to investigation with the light microscope.
Results
The histological appearance of the livers from all the monkeys examined was consistent with the normal appearance of a mammalian liver. A mild chronic inflammatory cell infiltration was seen in periportal and parenchymal areas in the majority of the monkeys examined.
Ultrastructure of the normal adult cynomolgus monkey liver
The ultrastructural architecture of the cynomologus monkey hepatocyte was found to be very variable between individual animals. The following description attempts to encompass these differences, also it was found necessary to deal with the centrilobular and periportal hepatocytes separately. However, as far as the cell surface and nucleus are concerned they can be dealt with together.
The hepatocyte cell surface is smooth where it abuts onto adjacent hepatocytes, with only a few lateral interdigitations. Short microvilli project into the bile canaliculi and space of Disse. Junctional complexes which are usually desmosomes occur near the canaliculi. The bile canaliculi are similar to those recorded for other mammalian species (Fawcett, 1955) . The nucleus is usually large, spherical and centrally located. Binucleate cells are occasionally seen. There is a large amount of light euchromatin, scattered areas of dense heterochromatin and a distinct nucleolus.
The cytoplasm of monkey hepatocytes in the centrilobular zone contains moderate amounts of glycogen which can cause compression of the organelles into strands and into the regions around the nucleus and adjacent to the cell membrane ( Fig. 1 ). This glycogen deposition gives rise to the 'rarefaction' of the hepatocyte cytoplasm that is often described histologically. Due to the large amounts of glycogen in these cells it was very noticeable that our routine technique was rendering the glycogen unstained (Fig. 2) . This is due to the use of methanolic uranyl acetate .stain which alters the binding ability of lead salts, resulting in lack of glycogen staining, although it does not remove the glycogen from the sections (Bhatnagar & Leeson, 1975) .
The mitochondria are usually round or elongated with short, tubular cristae and occasional electrondense granules in the matrix. However, a few bizarre shaped mitochondria can be seen, also the occasional cristal abnormality. Occasional lysosomes are seen, often in the region of the pericanalicular cytoplasm. A small amount of Golgi is usually present and varying numbers of profiles of smooth and rough endoplasmic reticulum. The centrilobular hepatocytes of occasional monkeys exhibited dilatation of the smooth endoplasmic reticulum (Fig. 2) within the strands of organelles between the glycogen 'lakes'.
One of the most characteristic features of the monkey liver is the appearance of the periportal hepatocytes. Confusion as to whether an experimental effect is present can often arise unless the observer distinguishes between periportal and centrilobular hepatocytes. This is because in the adult cynomologus monkey there are 2 types, A and B, of periportal hepatocyte. Type A is essentially similar to the centrilobular hepatocyte mentioned above and need not be described further. The number of type B periportal hepatocytes varies between individual monkeys, but their predominant characteristics are a greater overall cytoplasmic electron-density compared to type A, and a much greater number of organelles dispersed throughout the cytoplasm (Fig. 3) . A minimal amount of glycogen is present in a scattered distribution unlike the 'lakes' seen in the centrilobular hepatocytes.
The prominent numbers of mitochrondria can be bizarre in shape, with cristal abnormalities, and may show a decrease in number of cristae (Fig. 4) . Coupled with the latter feature there are often electron-dense inclusions characterized by lack of a limiting membrane, amorphous appearance, medium to high electron density and irregular form; they may be solitary or multiple in a single mitochondrion. The remainder of the cytoplasm is packed with rough endoplasmic reticulum which is usually minimally dilated, moderate numbers of uniformly electron-dense microbodies, smooth endoplasmic reticulum and profiles of Golgi apparatus. The type B periportal hepatocytes of a few cynomolgous monkeys were found to contain large numbers of membranebound vacuoles which had many small myelin-figurelike inclusions (Fig. 5) . These vacuoles were distributed throughout the cytoplasm, were sometimes adjacent to mitochondria, and showed evidence of coalescence with each other possibly to form larger vacuoles.
The appearance of the cells within the sinusoids tends to be very variable. The endothelium may be markedly fenestrated with a prominent space of Disse containing many microvilli from the adjacent hepatocytes, or there may be a complete lack of fenestrations with large endothelial cells occupying the majority of the sinusoidal space. These large endothelial cells usually have many cytoplasmic processes within the capillary lumen, also the number of organelles present in their cytoplasm is somewhat increased-in particular the Weibel-Palade bodies, which are often very variable in shape. Reticular fibres are occasionally seen in the space of Disse. The KuptTer cells conform to the description given for other mammalian species (Burkel & Low, 1966; Boler, 1969 )-the nuclei were elongated and irregular in shape, the organelles such as mitochondria and endoplasmic reticulum tended to be small and scarce, and varying numbers and size of Iysosomes were seen in the electron-lucent cytoplasm. Fat-storing or 'Ito' cells (Ito & Shibasaki, 1968) were seen in the space of Disse, characterized by large lipid vacuoles and welldeveloped granular endoplasmic reticulum in an electron-dense cytoplasm. Minimal numbers of lipid vacuoles were also seen in the hepatocytes of some monkeys.
Ultrastructure of the normal adult rhesus monkey
The ultrastructure of the normal adult rhesus monkey was essentially similar to that of the cynomolgus monkey, except that there was less predominance of the type B periportal hepatocyte, and more hepatocytes showing an appearance intermediate between types A and B.
Ultrastructure of the normal juvenile rhesus monkey
The ultrastructure of the normal juvenile rhesus Kennedy monkey is similar to that of the adult except that very few type B periportal hepatocytes could be found and the mitochondria throughout tended to exhibit few abnormalities, with more uniformity of size and cristal number.
Discussion
This report has tended to emphasize those ultrastructural features which characterize the monkey liver in comparison with other mammalian species. These include the need for classifying as type A and B periportal hepatocytes, and the high incidence of mitochondrial abnormalities.
In order to eliminate any possibility of these ultrastructural characteristics being due to fixation artefact, 1 .um survey sections were taken from all blocks, stained with toluidine blue and examined by light microscopy. Thus it was ensured that uniform penetration of the fixative had been obtained through the whole tissue sample.
The type B periportal hepatocyte is a much more metabolically active cell than its type A counterpart, as is evidenced by its high organelle content. There is a good deal of individual variation between monkeys as to the number of type B cells present and any assessment of an experimental effect must take this into account.
The amorphous electron-dense inclusions seen in the mitochondria are considered to be probably lipidic in origin (Ghadially, 1975) . However, when such an inclusion is noted within a mitochondrion the possibility cannot be ruled out that it is an entirely different material, or that it consists of other constituents in addition to lipid. It is possible that these inclusions are associated with cristal breakdown since they are always present in mitochondria with very few cristae remaining. This theory is supported by the work of Minick, Kent, Orfei & Yolini (1965) in ethionine-fed rats, who traced the development of the inclusions-many mitochondria had centrally placed stacked cristae-and concluded that these degenerated to form the non-membrane bound inclusions.
Bizarre shaped mitochondria have been recorded in many situations, for example after the administration of carbon tetrachloride (Reynolds, 1960) , ammonium carbonate (David & Kettler, 1961) , and alcohol (Koch, Porta & Harkraft, 1968) . Since this appearance can be induced by toxic agents, it could be argued that· it is a degenerative phenomenon. However, since oddly-shaped mitochondria are common in the normal monkey hepatocytes, it is more probable that it is a response to a non-specific need for increased metabolic activity in the cell by increasing the available mitochondrial surface.
The variability of the endothelial morphology within the sinusoids is also characteristic in the monkey and is probably available as an adaptive response. The significance of the prominent number of Weibel-Palade bodies in the large endothelial cells is difficult to ascertain. It has been suggested that these bodies are involved in blood coagulation because these granules are thought to resemble a-granules of platelets (Weibel, 1964) and probably contain platelet factor 3 (Siegel & Luscher, 1967) . Also Burri & Weibel (1968) found that in segments of rat aorta incubated in vitro for short periods with adrenalin
